Friction stir blind riveting (FSBR) process offers the ability to create highly efficient joints for lightweight metal alloys. During the process, a distinctive gradient microstructure can be generated for the work material near the rivet hole surface due to high-gradient plastic deformation and friction. In this work, discontinuous dynamic recrystallization (dDRX) is found to be the major recrystallization mechanism of aluminum alloy 6111 undergoing FSBR. A cellular automaton (CA) model is developed for the first time to simulate the evolution of microstructure of workpiece material during the dynamic FSBR process by incorporating main microstructure evolution mechanisms, including dislocation dynamics during severe plastic deformation, dynamic recovery, dDRX, and subsequent grain growth. Complex thermomechanical loading conditions during FSBR are obtained using a mesh-free Lagrangian particle-based smooth particle hydrodynamics (SPH) method, and are applied in the CA model to predict the microstructure evolution near the rivet hole. The simulation results in grain structure agree well with the experiments, which indicates that the important characteristics of microstructure evolution during the FSBR process are well captured by the CA model. This study presents a novel numerical approach to model and simulate microstructure evolution undergoing severe plastic deformation processes.
Introduction
Friction stir blind riveting (FSBR) process was developed by combining friction stir and blind riveting processes for joining light sheet metals [1, 2] . During the process, a high-speed rotating (typically 2000-12,000 rpm) blind rivet is brought in contact with the topmost sheet of a stack of sheet metals. The work materials get softened due to the heat generated during frictional interaction between rivet and workpiece leading to a reduction of required force to drive the rivet into the workpieces. When the rivet is fully inserted into the workpieces, it is upset as in conventional blind riveting. Multilayer multiple materials can be joined at a high speed using this method in lap joint configuration.
The FSBR process and joint performance have been experimentally investigated for similar and dissimilar materials. Gao et al. [2] conducted an experimental analysis of the FSBR process on aluminum alloy 5052. Their study demonstrated that FSBR can provide higher static and fatigue strengths compared with the resistance spot welding process. Min et al. [3, 4] evaluated the effects of process parameters of the FSBR process and reported that both increase in spindle speed and decrease in feed rate reduce the required penetration force during FSBR. More thermal softening took place at the higher rotational interaction between the rivet mandrel and workpiece material. Lathabai et al. [5] found that a hollow mandrel head design also reduces penetration force and eliminates burr formation during the process, thus providing a guideline for rivet design for the FSBR process. The FSBR process has also been investigated to join dissimilar materials, such as magnesium and aluminum alloys [5] [6] [7] , which are very difficult to weld together otherwise. These prior research findings showed that placement of the sheets played a significant role in joint strength, and the material around the rivet shank got hardened during the penetration process. In addition, Min et al. [8] also demonstrated that the FSBR process can be used for joining carbon-fiber reinforced polymer composites to aluminum alloy and the joint strength also relies on the track-up sequence of work materials.
Significant microstructural alterations have been experimentally observed and analyzed for friction stir-based processes, especially friction stir welding, for various engineering alloys such as aluminum alloys [9] [10] [11] [12] , magnesium alloys [13, 14] , steels [15, 16] and dissimilar materials [17] [18] [19] . Fundamental understanding of microstructure evolution mechanisms is essential for prediction and control of the mechanical properties of the end product from these friction stir processes, which often involves complex dynamic thermomechanical loading conditions dominated by high-speed rotation, strong friction at the tool-workpiece interface, and severe plastic deformation. Prior research has identified dynamic recrystallization (DRX) as a major microstructure evolution mechanism during friction stir processes [9] [10] [11] [12] 14, 16] . It has been experimentally observed that a refined gradient microstructure was a result of DRX from the FSBR process [20] . Some finite element modeling (FEM) efforts with ZenerHollomon parameter-based empirical material models have been developed to model DRX during other severe plastic deformation processes such as metal cutting [21, 22] . However, these models were unable to capture the dynamic process characteristics of microstructure evolution during FSBR.
Cellular automaton (CA) has provided the capability to simulate and predict the evolution of microstructure during metal forming processes [23] [24] [25] [26] . In particular, CA methods have been developed to simulate the microstructure evolution governed by DRX during hot forming processes of various metals such as steels [23, [27] [28] [29] [30] [31] [32] [33] , copper [24, 25, [34] [35] [36] [37] , magnesium alloys [26, 38, 39] , and titanium alloy [40, 41] . These previous works demonstrated that the CA method is a computation-efficient numerical approach to simulate microstructure evolution. However, these previous works focused on processes with low strain rates and usually under constant thermal loadings. According to the authors' best knowledge, few numerical modeling efforts can be found in literature to simulate microstructure evolution during the FSBR process. The complex coupling interactions between severe plastic deformation, thermal field, and microstructure evolution made it difficult to model microstructure change in friction stir processes.
In this work, a comprehensive analysis of microstructure evolution mechanisms is discussed for the FSBR process of aluminum alloy AA6111-T4. A two-dimensional CA model is developed for the first time to simulate the evolution of material microstructure in the FSBR process by incorporating main microstructure evolution mechanisms including dislocation dynamics during severe plastic deformation, dynamic recovery, discontinuous dynamic recrystallization (dDRX), and subsequent grain growth. Complex thermomechanical loading conditions during FSBR are obtained using a mesh-free Lagrangian particle-based smooth particle hydrodynamics (SPH) method, and are applied in the CA model to simulate the microstructure evolution near the rivet hole.
2 Principle of Microstructural Evolution During FSBR 2.1 Microstructural Analysis. The microstructural analysis conducted in this work is based on a previously published experimental study by Min et al. [20] . Table 1 lists the conditions for FSBR experiments, which used blind rivets (SSPV-08-06 by Advel V R ) with a shank diameter 6.4 mm. The rivets were made of mild steel and had a fine zinc coating on the surface. During the experiments, a single layer of 0.9 mm thick AA6111-T4 work material was investigated for the FSBR process.
The work material AA6111-T4 sheet was rolled and annealed prior to the FSBR experiment, which had a strain-free equiaxed grain structure with an average grain size of 24.961.9 lm. After the FSBR process, the material microstructure was examined near the rivet hole surface. The specimen was sectioned along the rivet axis and polished on a Struers polishing machine. The specimen's top surface was etched for 3 s with 0.5% HF followed by the standard electron backscatter diffraction (EBSD) analysis using CARL ZEISS scanning electron microscope. An illustration of the EBSD analysis area is shown in Fig. 1 . Three different analysis step sizes were used for the analysis. A fine step size of 1 lm was used near the hole surface, and was gradually increased to 3 lm away from the hole surface. Average grain size was calculated by analyzing the micrograph using open source MATLAB program "linecut." The resultant microstructure after the FSBR process is examined in Fig. 2 . It can be clearly seen that workpiece material underwent different microstructure evolution at the thermomechanically affected zones (TMAZs). Significant grain size refinement was observed near the friction stir penetrated hole surface after the process (Fig. 2(a) ). The grain size was as low as 1-2 lm near the hole surface and gradually increased away from the hole surface. A zoom-in view of the microstructure near the hole surface is shown in Figs. 2(b) and 2(c) . Beyond 350 lm, the average grain size was similar to the as-received material. According to the grain size, the processed microstructure was classified into zone I, II, III and unaffected zone ( Fig. 2(a) ). Zone I had a width of 25 lm from the hole surface, whereas zone II was 65 lm wide and zone III is 260 lm wide. Beyond zone III, there is no significant change of grain size after the FSBR process, so it is considered as an unaffected zone. Average grain size and microstructure in the unaffected zone are similar to the base material. In zone III, grains started to reduce in size. The average grain size reduced significantly to 14.361.0 lm. This indicates that amount of shear deformation started to increase from unaffected area to the zone III. As the hole surface is approached further, significantly smaller grains can be observed. In zone II, elongated grains with high aspect ratio can be seen as in Figs. 2(a) and 2(b). The grain size is reduced significantly and average grain width reduces to 6.7660.58 lm. On the contrary, in the zone I, those elongated grains were dissolved and fine equiaxed grains had evolved ( Fig. 2(c) ). Average grain size was close to 1 lm and some grains were below 1 lm as well. workpiece material as in all friction stir processes [20] . When the high-speed rotating rivet penetrates into the workpiece, workpiece material adjacent to the hole partially sticks to the rivet surface and stirs during the process. As a result, the material undergoes severe plastic deformation, and the strain rate in this region is very high compared with the bulk material. The strain rate in the plastic deformation zone in friction stir processes is proportional to the rotational speed of the tool. It is in the order of 10-10 3 s
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depending on the rotating condition of the tool [42] [43] [44] . The maximum strain rate is near the surface of the tool and diminishes rapidly away from the tool [45, 46] . This region also has a higher process temperature as it is very close to the frictional heat flux between base material and rivet. It is most likely that the temperature in this region reaches up to the recrystallization temperature range. Severe shear deformation also indicates that it should have stored enough strain energy to trigger the DRX [47] [48] [49] . At the same time, if the material undergoes severe plastic deformation, there is a higher rate of nucleation compared to the rate of growth [50] . Those newly nucleations have less space to grow. On the contrary, as away from the hole surface, less plastic deformation happens as the stirring effect reduces as distance increases. It also has low temperature as they are far from the frictional heat source. As a result, less nucleation happens in this region and those nucleate sites have more room for grain growth. Three types of DRX have been characterized in hot deformation processes of aluminum alloys: (1) continuous dynamic recrystallization (cDRX) [51] [52] [53] , (2) dDRX [54] [55] [56] [57] , and (3) geometric dynamic recrystallization (gDRX) [57] [58] [59] . During cDRX, new grains are formed due to the dislocation accumulation and misorientation increase between subgrains. In contrast, during dDRX, migration of high-angle boundaries (HABs) helps to form new grains with large angle boundaries by dynamic nucleation and grain growth [53, 54] . gDRX has been observed at high temperatures and low-strain rates for some materials due to subgrain boundary formation and dynamic recovery [59] . Strain rate plays an important role to decide what kind of DRX mechanism happens during hot deformation of aluminum alloys. Both Humphreys and Hatherly [60] and Rokni et al. [58] observed that cDRX and gDRX are dominating mechanism at low strain rate, whereas dDRX occurs at high strain rate during hot deformation of aluminum alloys. Amount of HABs in EBSD analysis after a hot deformation process is also a good indication about dDRX mechanism [57] . Su et al. [54] observed that very small grains with high HABs are generated by dDRX from severely deformed Al alloy undergoing friction stir process.
During the FSBR process of this work, AA6111-T4 is severely deformed above recrystallization temperature, and high strains and temperature gradients exist in the processing zone. Material adjacent to the rivet tool experiences the highest strain, strain rate, and temperature, whereas material further away from the tool evolves under gradually decreasing strains, strain rates, and temperatures. As can be seen in Fig. 2 , the work material adjacent to the rivet hole surface has a submicron and even nanoscale grain structure consisting of mainly HABs, which indicates that HABs create new grains directly from the severely deformed substructure during the FSBR process. Based on the EBSD data, thermomechanical loading conditions of the FSBR process, and prior research on DRX mechanisms of aluminum alloys during friction stir processes; it is concluded in this study that dDRX is the dominating mechanism of grain recrystallization within the region close to the rivet tool during the FSBR process.
Friction Stir Blind Riveting Process Model
An FSBR process model was developed in this work based on a mesh-free SPH method, which was used to determine the thermomechanical loading conditions needed by the subsequent CA microstructure evolution model. Previous research has demonstrated that SPH mesh and FEM mesh can be used to model the work material and tool, respectively, to simulate severe deformation processes such as metal cutting [61] and friction stir welding [42, 62, 63] . Since the SPH model does not need a predefined failure surface, remeshing or eroding of elements, material flow simulation by tracking the movement of SPH elements is more efficient. In this work, to reduce the computation time, the steel rivet was considered as a rigid body with FEM elements, while AA6111-T4 workpiece was modeled using SPH elements with symmetric boundary. The friction coefficient was considered as 0.7 between the blind rivet and workpiece. Since the workpiece domain was limited to save the computational cost, releasing heat flux was applied at the boundaries to dissipate heat. Table 2 lists physical and mechanical properties of the workpiece and rivets used in the process model. The process simulation was performed using computational software LS-DYNA [66] . Figure 3 shows the simulated steady-state temperature distribution. The temperature Fig. 2 Microstructure of the work material after FSBR: (a) overall grain structure indicating different evolution zones, (b) grain structure in zone II, and (c) grain structure in zone I near the rivet hole was around 400 C at the penetrated hole surface and went down away from the hole surface.
Cellular Automaton Model
In this study, a CA model was developed in MATLAB to simulate the evolution of microstructure during the FSBR process. In this CA model, the simulation domain was discretized into an array of equally spaced lattice cells. Multiple state variables representing crystal orientation, grain boundary, dislocation density, recrystallization, etc. were allocated to each lattice cell. During the CA simulations, the state variables were updated, and lattice cells evolved according to the states of its neighboring cells following a given set of transformation rules.
Model Assumptions.
The following describes several basic assumptions implemented in this CA model:
(1) A homogenous material structure without any crystalline defect was assumed as the initial condition. Grain rotation was not considered in this numerical model. The work material AA6111-T4 alloy was solutionized and naturally aged prior to the FSBR experiment. An initial dislocation density of 10 10 m À2 (a typical level for a well-annealed aluminum alloy [67, 68] ) was therefore applied across the work material domain. (2) Dislocations and grain boundary energy were considered as the driving forces of recrystallization. The effect of the elastic strain energy and surface energy was not considered. (3) dDRX was considered as the major recrystallization mechanism in this study. Grain nucleation happens only at the grain boundary, which comprises both primary and recrystallized grain boundaries, and occurs as the dislocation density attains the critical level. The critical value of dislocation density depends on two important process loading conditions, i.e., strain rate and temperature [25, 69] . It was assumed that newly recrystallized grains have a low level of dislocation density.
Modeling of Dislocation Density Evolution.
The dislocation density of work material evolves as it undergoes work hardening and dynamic recovery (softening), sometimes simultaneously, during a deformation process. The evolution of material dislocation density greatly influenced the nucleation, dDRX, and grain growth. Phenomenological KM model proposed by Kocks and Mecking [70, 71] was implemented to model the change of dislocation density during stage III hardening. This model considers that dislocation density (q) is the single structural parameter that control the kinetics of plastic flow of materials, which is shown below [72] :
where e is the strain; k 1 and k 2 are material constants; b represents Burger's vector; and d is the mean grain size. The first term on the right side of Eq. (1) signifies the increase in dislocation density due to work hardening, while the second and third terms indicate the effect of dynamic recovery. The occurrence of nucleation during DRX was determined as the dislocations were accumulated due to severe plastic deformation. As the dislocation density in the deformed work material reaches the critical dislocation density, nuclei will start to generate on grain boundaries for DRX during the thermomechanical process. Following Roberts and Ahlblom [73] , the critical value of dislocation density for DRX nucleation was determined using the below equation:
where c m is the grain boundary energy associated with conversion to high-angle boundary; M is mobility of grain boundary; _ e is strain rate; and s is the dislocation line energy. The grain boundary energy c m is given by
where G is the material shear modulus; h m is the misorientation associated with a high-angle boundary (here, it was assumed as p/12 rad); and is Poisson's ratio. The dislocation mean free path (l) is expressed as [74] l ¼ c 1 Gb r
where c 1 is material constant (it was assumed 10 for most metals [75] ) and r represents the flow stress of the material. The mobility of grain boundary (M) is calculated by [76, 77] 
where d is the grain boundary thickness of the material; K is the Boltzmann constant; D 0b is grain boundary self-diffusion coefficient at 0 Kelvin; Q b is grain boundary diffusion activation energy; R is the ideal gas constant; and T is temperature in Kelvin. The dislocation line energy s is calculated based on [60] 
where c 2 is a material constant.
Modeling of Nucleation
Rate. In this study, nucleation rate _ nð_ e; TÞ was calculated using Eq. (7) based on the model proposed by Ding and Guo [25] , which incorporates the influences of processing temperature [69] and strain rate [78] 
where C is a material constant; exponent m is a constant (it was assumed as 1 [25] ); Q act is the activation energy. The DRX percentage g was then calculated by 
where r d represents the average radius of all the recrystallized grains. It is determined using
where r s represents the steady-state flow stress, n is a constant (its value is 2/3), and c 3 is a material constant.
Modeling of Recrystallized Grain
Growth. Difference in dislocation density between the matrix and recrystallized grains provides the driving force for grain growth of the newly created nucleation sites. The grain boundary tends to move from recrystallized grains toward grains with high dislocation density. For recrystallization grains, their growth rate follows:
where f i represents driving force per unit area for the growth of recrystallized grains and it is represented by the following formula:
where q m and q i represent the dislocation density of matrix grains and recrystallized grains, respectively; d i and c i stand for the diameter of recrystallized grains and the grain boundary energy, respectively. c i is calculated by Read and Shockley [79] 
where h i is the orientation difference between the recrystallized grains i and its neighboring grains. The material parameters used for the CA simulation of AA 6111-T4 are listed in Table 3. 4.5 CA Simulations. A grain growth algorithm was developed to generate the initial microstructure before FSBR simulation. The simulation domain was set as 400 lm Â 200 lm with a square cell size of 1.0 lm Â 1.0 lm. The step time required for growth of a cell was considered as below:
where L CA is unit cell side length and DF max is the maximum grain boundary migration driving force. The strain increment within this time-step can be expressed as
The simulated temperature distribution and history were applied as the thermal loading condition for the CA simulation. The CA model assumed a strain rate of 10 3 s À1 at the tool-workpiece interface [42, 44] , and it reduces exponentially as it reaches to the other side of the simulation domain [46] . The CA simulation was performed for a single pass of friction stir penetration. The detailed steps for the simulation are as follows: Table 3 CA model parameters [25, 60, 75, 80, 81] (1) CA model parameters are defined as listed in Table 3 , and the thermomechanical loading conditions are applied. Then, the initial grain structure is generated. (2) Dislocation density is updated using the models given in Sec. 4.1 for each time step. The mean dislocation density at different times was determined by
where q i is the dislocation density at the cell site and NN represents the total number of cells in the simulation region. (3) Nucleation of recrystallized grain was randomly distributed along the grain boundary during the simulation of CA. For a particular timestep, the nucleation probability for a certain cell was given by
where S CA was the area of the unit cell, for square cells,
A random number rand was generated for each timestep. If rand < p nuc , the cell became a DRX nucleus and the dislocation density variable was set to a very small number. If rand > p nuc , the cell did not undergo DRX nucleation.
(4) The newly recrystallized grains would continue to grow and the grain boundary would migrate continuously. The migration distance of recrystallized grain boundaries for each time step was determined by
and the radius of this recrystallized grains r is given as [33] r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
where N DRX is the total number of the CA cells held by this recrystallized grain. As the grain growth rate V i is reduced to zero, the grain growth stops. The recrystallization progress is captured by the volume fraction of recrystallized grains, X DRX
where N DRX is the total cell number in recrystallized grains, and N X and N Y are the total cell numbers along X-axis and Y-axis, respectively, in the two-dimensional simulation domain. Once a recrystallized grain collides with other recrystallized grains, they stop growing in the same direction at the same time. The detailed flow chart is shown in Fig. 4 . Figure 5 shows the comparison of the simulated initial microstructure to EBSD analysis prior to the FSBR process. The mean diameter of primary grains before the simulation was 26.561.8 lm. This is close to the experimental measurement of 24.961.9 lm. Exact match is not necessary, as the initial microstructure generation algorithm was based on the random allocation of nucleation points.
Results and Discussion
The driving force for grain structure evolution during the FSBR process is associated with the change of dislocation density distribution as shown in Figs. 6 and 7 . The right boundary of the simulation domain was physically equivalent to the hole surface. This boundary had a higher temperature and strain rate compared to the left boundary as this boundary was the source of the frictional heat generation and material stirring. As the AA 6111 workpiece is solutionized and naturally aged, a uniform initial dislocation density of 10 10 m À2 (typical level for a well-annealed aluminum alloy [67, 68] ) was applied across the whole domain as initial dislocation density. As the simulation started, the dislocation density on the right side boundary increased faster as shown in Fig. 6(a) compared to the left boundary as the dislocation density is proportional to strain and strain rate and right boundary possessed higher strain and strain rate. The dislocation density quickly rose to 2 Â 10 14 m À2 . When the dislocation density of a particular grain went beyond the critical dislocation density, sporadic dark areas, as shown in Fig. 6 (b), were generated near the right side boundary. Each dark area corresponds to the domain of DRX nuclei. Dislocation density of the newly grown recrystallized grain was reset to the initial dislocation density, which lowered the mean dislocation density at the right boundary at the onset of DRX as shown in Fig. 7 . As the simulation progress, more recrystallized grains away from right boundary formed until the completion of DRX and new dark areas were observed as shown in Fig. 6(c) . Researchers have experimentally observed using X-ray and Neutron diffraction method that mean dislocation density is $1.7 Â 10 14 m À2 and 3 Â 10 15 $11 Â 10 15 m À2 in dynamic recrystallized zone and other TMAZ zones, respectively, of an unsolutionized AA 6061 undergoing friction stir welding process [82, 83] . The simulated mean dislocation density in the current simulation of the FSBR process was 1.5 Â 10 13 $ 6 Â 10 14 m À2 in the dynamic recrystallized area and $1.5 Â 10 15 m À2 in the rest of the TMAZ zone. The simulated mean dislocation density is little smaller compared to the reported experimentally measured values for friction stir processes because the initial workpiece was solutionized and naturally aged and therefore had lower initial dislocation density compared to reported values.
After the frictional penetration was finished during the FSBR process, there was no more frictional heat generation, so the work material started cooling. As the bulk material was still at low [20] , and (c) simulated initial microstructure temperature, the cooling rate was very fast. As a result, the DRX nucleation stopped very quickly and only grain growth happened thereafter. The final dislocation density distribution after the completion of the FSBR process is shown in Fig. 6(d) . During the cooling cycle, the mean dislocation density kept decreasing over the whole simulation domain (Fig. 7) as the newly recrystallized grains with low dislocation density grew and consume other grains with higher dislocation density. The final mean dislocation density in the recrystallized zone varies between 1.5 Â 10 13 m À2 and 6 Â 10 14 m À2 , which is very close to experimentally reported values of 1.7 Â 10 14 m À2 [82] . Quantitative assessment of CA simulation results was performed by comparing with the corresponding temperature histories from process simulations. Figure 8(a) shows the history of the process temperature on the rivet hole surface during severe plastic deformation as well as cooling cycle. During the deformation cycle, temperature reached up to 400 C on the rivet hole surface and then cooled down quickly after the frictional penetration is completed. The CA simulated recrystallization process was dependent on the process temperature history. The dDRX nucleus started to form at the moment when the process temperature increased to about 0.4T m (critical level of temperature for the onset of DRX [47, 48] ). In addition, the thermally driven grain growth during the cooling cycle was usually ceased when the temperature dropped to the level about 0.5T m [47, 48] . The matrix microstructure was not completely replaced with the recrystallized grains, and the X DRX stopped at 0.66 ( Fig. 8(b) ). DRX only happened adjacent to the hole surface. As the temperature and strain rate are low away from the hole, no DRX took place. The simulated microstructure evolution of the AA6111-T4 during FSBR process is shown in Figs. 9(a)-9(c) under the thermomechanical condition across the simulation domain. The DRX nucleation first starts near the right side boundary (Fig. 9(a) ) and then spread toward left boundary subsequently as shown in Fig.  9 (b). Figure 9(d) shows the experimental EBSD measurement of microstructure distribution after the completion of FSBR process. It agrees well with final simulated microstructure as shown in Fig. 9(c) . The simulated grain size is calculated in different zones based on the zone width calculated from experimental result. The simulation result shows that the right boundary has smaller grain size 2.3560.05 lm, which is very close to experimentally measured value of 1.9460.09. This error might be attributed from the assigned temperature boundary conditions in the simulation as it is very difficult to capture accurate temperature distribution in such a small resolution. Figure 10 compares the simulated grain distribution across different zones with experimentally measured values. Our current analysis domain is based on the zones I, II, and III as mentioned in Sec. 2. The simulated average grain size agrees well with the experimentally calculated grain sizes.
As a final note, the evolution of submicron grains is not captured in this model. The resolution of the simulation domain is currently limited to 1 lm. As a result, this model is unable to capture the submicron grains near the hole edge. The future goal is to implement gradient resolution across the analysis domain by modifying the model parameters as a function of resolution.
Conclusions
The evolution of microstructure by DRX in the friction stir blind riveting process is first time successfully modeled using CA method. A MATLAB code has been developed to implement the CA method to capture the microstructure evolution during the process. The DRX of grains is modeled based on the evolution of dislocation density during the process loading condition in terms of temperature, strain rate, and strain distribution across the domain.
The simulation results demonstrated that the high temperature and strain rate distribution at the friction stir riveted hole triggered DRX. The final grain size distribution is predicted and validated with experimental measurement. The simulated initial grain size distribution agreed well with the experimental EBSD measurement, so the developed CA model is validated. This model is a computation-efficient numerical approach to predict the evolution of microstructure governed by dDRX under the large plastic deformation gradient.
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